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Filter back projection (FBP)Abstract Neutron tomography is a very powerful technique for nondestructive evaluation of
heavy industrial components as well as for soft hydrogenous materials enclosed in heavy metals
which are usually difﬁcult to image using X-rays. Due to the properties of the image acquisition
system, the projection images are distorted by several artifacts, and these reduce the quality of
the reconstruction. In order to eliminate these harmful effects the projection images should be
corrected before reconstruction. This paper gives a description of a ﬁlter back projection (FBP)
technique, which is used for reconstruction of projected data obtained from transmission measure-
ments by neutron tomography system We demonstrated the use of spatial Discrete Fourier
Transform (DFT) and the 2D Inverse DFT in the formulation of the method, and outlined the
theory of reconstruction of a 2D neutron image from a sequence of 1D projections taken at differ-
ent angles between 0 and p in MATLAB environment. Projections are generated by applying the
Radon transform to the original image at different angles.
ª 2015 Production and hosting by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Neutron tomography (NT) is a powerful technique for three-
dimensional visualization of hydrogenous substances such as
rubber, water, oil, explosives, and wood even wrapped by thick
metal layers. The experimental and safety conditions in differ-
ent neutron sources such as nuclear reactors, spallation sources
and standard particle accelerators make, in most cases, thefacilities very different from each other. This implies that neu-
tron tomography can yield information in cases where other
NDT techniques fail. Neutron tomography already proved
to be useful in many different areas such as archaeology, geol-
ogy, biology, sciences, cultural heritages and industrial appli-
cations [1–3]. Fig. 1 shows the mass attenuation coefﬁcients
for thermal neutrons and 100 keV X-rays for the elements.
A neutron image is obtained by irradiating the object in an
uniform neutron beam and recording the intensity transmitted
by the object. Several solutions have been used for image
recording: X-ray ﬁlms and track-etch foils associated with con-
verter screens (gadolinium, dysprosium and boron), neutron
scintillators coupled to Charge Coupled Devices (CCD) video
Figure 1 Mass attenuation coefﬁcients for thermal neutrons and
100 keV X-rays for the elements (natural isotopical mixture unless
stated differently) [2].
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tomography can be used to obtain important 3-D information
about the object’s internal structure and material properties
that other traditional methods cannot provide. Typically, a
neutron computed tomography system consists of a neutron
source with a collimator, a sample rotation device, a 2-D
neutron imaging system and a motion control system which
synchronizes sample rotation with the imaging system. A com-
puter to capture, store and reconstruct the 3-D images is also
needed. The ﬁrst step in the development of a neutron tomog-
raphy system is to select and optimize the neutron imaging and
the second step is the preparation of the image data and sub-
sequent calculation of the 3-D voxel array using one of many
reconstruction techniques, such as a ﬁltered back-projection or
an algebraic reconstruction algorithm [4]. Tomography image
visualization software that recombines the 2-D vertical images
into a 3-D image is commercially available and is useful to
analyze the 2-D image projections [5]. Fig. 2 shows the princi-
ple of computed tomography system.
ETRR-2 is an open pool type Material Testing Reactor
(MTR) of 22 MW thermal power. The reactor is cooled and
moderated by light water and reached ﬁrst criticality in 1997.
Irradiation facilities and beam tubes are installed at the reactor
for research purposes as shown in Fig. 3. Neutron radiography
facility is one of these beam tubes and was commissioned in
1999 using static based ﬁlm neutron radiography [6].
The neutron radiography facility at ETRR-2 is upgrading
from static based ﬁlm (Nitrocellulose ﬁlm and AgfaFigure 2 Principle of coStructurix D7 photographic ﬁlm) neutron radiography system
into dynamic system neutron radiography/tomography by
using Scintillation screens (ZnS (Ag)–6LiF) and a CCD-
camera, and instrument was commissioned in January 2013.
2. Basic concepts
The image reconstruction techniques use the measured projec-
tion data as input to calculate the density distribution of the
desired cross section of the investigated sample as output.
Accordingly, the two dimensional image of the desired cross
section can be obtained. The applicable reconstruction tech-
niques are divided into three categories: ﬁrst back-projection
reconstruction, second by iterative reconstruction, and third
by analytical reconstruction. The Filtered Back Projection
(FBP) technique is used in most commercial medical scanners
and has proved to be extremely accurate and amenable to fast
implementation. This technique can be given a rather straight-
forward intuitive rationale because each projection represents
a nearly independent measurement of the object. A brief
discussion of the FBP is given below.
2.1. Projections
The Filtered Back Projection algorithm uses Fourier theory to
arrive at a closed form solution to the problem of ﬁnding the
linear attenuation coefﬁcient at various points in the cross-
section of an object. A fundamental result linking Fourier
transforms to cross-sectional images of an object is the
Fourier Slice Theorem [7–9].
Let x, y represent the coordinates inside the object (Fig. 4),
and f(x, y) the density (attenuation coefﬁcient) in rectangular
coordinates of the object under consideration at the cross-
section at which the imaging has to be done. Let Eq. (2.1)
represent the projection of the object at distance, t, from
the center. The equation of the line AB is =x cos(theta) +
y sin(theta), where we use ‘‘theta’’ (rotation angle) in place
of the Greek symbol. Then, the projections are deﬁned as [7]:
PhðtÞ ¼
Z
ðh;tÞline
fðx; yÞds ð2:1Þ
It has been shown [3] that the above equation can be writ-
ten using a delta function as:
PhðtÞ ¼
Z 1
1
Z 1
1
fðx; yÞ @ðx cosðhÞ þ y sinðhÞ  tÞdxdy½  ð2:2Þmputed tomography.
Figure 3 ETRR-2 beam tubes model [4].
Figure 4 Formation of projections.
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[7]. A set of these functions for constant angle are the projec-
tions of the object at the cross-section where the rays are being
passed. When the angle ‘‘theta’’ is held constant throughout a
projection, we get parallel projection data.
2.2. Fourier Slice Theorem
An important result linking Fourier theory to the projections
was developed by Bracewell and Riddle [10], Ramachandran
and Lakshminarayanan [9,11]. The following proof is a result
of Kak and Slaney [7]. The 2D Fourier transform is deﬁned as:
Fðu; vÞ ¼
Z 1
1
Z 1
1
fðx; yÞej2pðuxþvyÞdxdy ð2:3Þwhere u, v are measured in cycles/unit length. From the deﬁni-
tion of the 1D Fourier transform, we can ﬁnd the Fourier
Transform of the projection data at any angle as:
ShðxÞ ¼
Z 1
1
phðtÞej2pxtdt ð2:4Þ
where x is the in radians/unit length, we deﬁne a new coordi-
nate system (t, s) deﬁned by the rotation of the (x, y) system by
the angle of rotation such that
t
s
 
¼ cos h sin h sin h cos h
 
¼ x
y
 
ð2:5Þ
In the (t, s) coordinate system, a projection would then be
deﬁned as
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Z 1
1
fðt; sÞds ð2:6Þ
From Eqs. (2.4) and (2.5)
ShðxÞ ¼
Z 1
1
Z 1
1
fðt; sÞdsej2pxt
 
dt ð2:7Þ
ShðxÞ ¼
Z 1
1
Z 1
1
fðx; yÞej2pxtdxdy ð2:8Þ
t ¼ x cosðhÞ þ y sinðhÞ ð2:9Þ
The right hand sides of Eq. (2.8) represents the two-
dimensional Fourier transform of the density f(x, y) and the
left hand side is the 1D Fourier transform of the projections.
Therefore, taking the 1D Fourier transform of the projections
of an object at an angle ‘‘theta’’ is equivalent to obtaining the
two dimensional Fourier transform of the density f(x, y) along
the line ‘‘t’’ inclined at an angle ‘‘theta’’ Therefore if we take
these projections at many angles, then we can get this 2D
Fourier transform of the projections at many such lines
inclined at various angles. If the number of angles is large
enough, we will get many lines of 2D Fourier transforms of
the object. If we now ﬁnd the inverse Fourier transform of
all these lines, we get the object’s densities f(x, y) for all
(x, y) in the object’s cross-section. That is,
fðx; yÞ ¼
Z 1
1
Z 1
1
ShðxÞej2pðuxþvyÞdudv ð2:10Þ
where
ShðxÞ ¼ Fðx cos h;x sin hÞ ¼ Fðu; vÞ ð2:11ÞFigure 5 The response function in frequency domain.2.3. The ﬁltered back projection algorithm
Proof of the ﬁltered back projection algorithm follows from
Eq. (2.10) [7–9,11]. The following proof is due to Kak and
Slaney [7]. If the coordinate system in the frequency domain
(u, v) which is rectangular is changed to the polar coordinate
system, we have to make the following substitutions:
u ¼ x cos h; v ¼ x sin h; dudv ¼ xdxdh ð2:12Þ
fðx; yÞ ¼
Z 2p
0
Z 1
0
Fðx; hÞej2pxðx cos hþy sin hÞxdxdh ð2:13Þ
fðx; yÞ ¼
Z p
0
Z 1
0
Fðx; hÞej2pxðx cos hþy sin hÞxdxdh
þ
Z 2p
p
Z 1
0
Fðx; hþ pÞej2px x cosðhþpÞþy sinðhþpÞð Þxdxdh
ð2:14ÞFigure 6 Filters in theFrom Fourier theory
Fðx; hþ pÞ ¼ Fðx; hÞ ð2:15Þ
We get:
fðx; yÞ ¼
Z p
0
Z 1
1
Fðx; hÞjxjej2pxðx cos hþy sin hÞdx
 
dh ð2:16Þ
From (2.4) and (2.7), we can say that in this case,
F(w, ‘‘theta’’) inside the integral is the same as S(w) of
Eq. (2.7). Therefore,
fðx; yÞ ¼
Z p
0
Z 1
1
ShðxÞjxjej2pxðx cos hþy sin hÞdx
 
dh ð2:17Þ
1. The ﬁltered back projection algorithm can therefore be
thought of as a three step process: Finding the Fourier
Transform (FT) in 1D of the projections.
2. Finding the ﬁltered projections. This essentially means mul-
tiplying the results of step 1. With a response function
whose function looks as shown in Fig. 5. In the frequency
domain, and then ﬁnding the inverse Fourier Transform
(IFFT) (see Fig. 6).
QhðtÞ ¼
Z 1
1
ShðxÞjxjej2pxtdx ð2:18Þ
FT1 QhðtÞ  jxj½  ¼
Z p
0
QhðtÞ  hðxÞdh ð2:19Þ
where h(x) = FT1(|x|), representing the ﬁlter in spatial
coordinates.
3. Finding the back projections. This step is the smearing of
the ﬁltered projections back on to the object, and is math-
ematically represented by
fðx; yÞ ¼
Z p
0
QhðtÞðx cos hþ y sin hÞdh ð2:20Þfrequency domain.
Table 1 Characteristics of the neutron beam at ETRR-2.
Rate intensity at beam outlet 3.3 Sv/h at 13.3 MW
thermal
Thermal neutron ﬂux at nominal power
(22 MW)
1.5 · 107 n/cm2 s
Fast neutron ﬂux is at nominal power
(22 MW)
1.6 · 106 n/cm2 s
n/c ratio 0.132 · 106 n cm2 mR1
Cd ratio 10
L/D ratio 117
Facility resolution 188 lm (Agfa Structurix
D7)
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the integral does not converge. However, a solution can be
found when considering the fact that in practice one has only
a limited number of discrete samples. From the Nyquist
theorem it follows that using a detector with pixel size D.
HðxÞ ¼ jxj WðxÞ ð2:21Þ
in spatial coordinates.
hðxÞ ¼
Z 1=2D
1=2D
jxjej2pxxdx ð2:22Þ
This represents the theoretically correct ﬁlter, but limited to
the frequency band [1/2D, 1/2D]. It is therefore known as the
band limiting ﬁlter. The highest frequencies are ampliﬁed the
most, and in practical circumstances these contain mostly
noise. Therefore other ﬁlters have been described that attenu-
ate these highest frequencies, leading to smoother and better
looking reconstructions. Two well known ﬁlers are described
below. The Shepp–Logan ﬁlter in frequency coordinates is
given by:
HðxÞ ¼ 1
pD
sinðpxDÞ

 WðxÞ ð2:23Þ
The result in spatial coordinates is:
hðxÞ ¼ 2
p2Dð1 4x2Þ ð2:24Þ
This ﬁlter supposedly gives the best compromise between
resolution and smoothness and is commonly used in medical
imaging.
The Cosine ﬁlter in frequency coordinates is given by:
HðwÞ ¼ jxj cosðpxDÞ WðxÞ ð2:25Þ
The result in spatial coordinates is:
hðxÞ ¼ 2
p2D2
signðxÞp
2
 1þ 4x
2
1 4x2
 
1
1 4x2 ð2:26Þ
The cosine ﬁlter drastically reduces the high frequency con-
tent, resulting in smooth looking reconstructions.Figure 7 Detection system in3. Description of the setup for neutron tomography
The tomography setup was installed at the horizontal access of
the thermal column of the RPI which is radial with respect to
the reactor core. The main characteristics of the neutron beam
at the irradiation position are shown in Table 1 [12].
Fig. 7 shows a schematic diagram of the installed setup for
a typical tomography system the image is obtained by using a
neutron Scintillation screens (ZnS (Ag)–6LiF) turntable
object, a mirror, a cooled CCD camera and a computer sup-
port by using Labview. For every projection, the transmitted
neutron intensity reaches the scintillator screen and the gener-
ated light is reﬂected by the mirror and recorded by the cooled
CCD camera. Mirror bends the light path 90. To take the nec-
essary number of projections, the object is generally turned
with a constant step from 0 to 180 or 360 [13]. In order to
minimize radiation damages in the CCD caused by neutrons
and gammas, the camera captures the light from the scintilla-
tor through a 45 mirror.
Fig. 7 shows the detection system in the neutron tomogra-
phy facility. The camera and electronic components were
shielded to protect them against neutrons and gamma.
Boron carbide sheet were used to protect camera against
neutrons. In the near future heavy concrete bricks will bethe NR/T cell in ETRR-2.
1062 W. Abd el Bar et al.placed in front of the camera to protect it against scattered
gamma radiations.
4. Experimental details
Tomography experiment was performed at the imaging beam
line at ETRR-2. Technical device (valve) was used as a sample
with heterogeneous material composition – brass metal, plastic
parts, sealing rings etc., Fig. 8.
For the tomographic measurement 200 projections at a
rotation of 180 were used (0.9 per projection), take 10 openFigure 8 Neutron tomography
(a)                           (
Figure 9 (a) Closed beam image (dark ﬁelbeam image without sample (Flat ﬁeld) and 10 closed beam
image (Dark ﬁeld) with exposure time 30 s per image. The full
data set was collected in 2 h. Dark current images or offset
images were recorded with closed camera shutter and closed
beam (see Figs. 9–15).
These images contain the electronic noise of the detector
system caused by read out noise and dark current produced
by the CCD-camera. Open beam images were taken without
sample in the beam. For this purpose the controlling software
translated the sample outside the beam by activating the linear
stage. These images contain the inhomogeneities of theof valve at different angle.
b) 
d) and (b) open beam image (ﬂat ﬁeld).
Figure 10 Neutron tomography of valve at angle 20 after normalizing.
Figure 11 Neutron tomography of valve at angle 20 after median ﬁlter (3 · 3).
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Figure 12 Neutron tomography of valve at angle 20 after cropping.
Figure 13 Sinogram image.
1064 W. Abd el Bar et al.
Figure 14 Neutron tomography slices.
Figure 15 Tomographic reconstruction of the investigated sample.
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to the beam. Once the acquisition process of the
Computerized Tomography (CT) scan is completed, the soft-
ware lab (a part of the neutron imaging facility in ETRR-2)
was used for data processing of the performed experiments
providing successful tomographic reconstructions, 3D visual-
ization and data analysis. The software lab was equipped with
computer and software tools such as ImageJ, Matlab, Octopus
and VGStudioMax as shown in Table 2.
The preparing of data for the reconstruction step by step is
as in the following [14]:Table 2 PC speciﬁcation.
Data
processing PC
FF825AV HP Z800 Workstation 1st Processor:
Intel Xeon E5506 2.13 4 MB/800 QC 2nd
Processor: Intel Xeon E5506 2.13 4 MB/800 QC
Memory: 32 GB (8 · 4 GB) DDR3-1333 ECC
HDD: 4 · 1000 GB SATA 7200
Control Pc AU245AV HP Elite 8000 CMT Processor: Intel
Core 2 Duo E7500 Memory: 2 GB PC3-10600
Memory (1 · 2 GB) HDD: 2 · 1000 GB SATA
72001. Correction of dark image taken with the closed shutter.
2. Correction of ﬂat ﬁeld.
Normalized imageðx; yÞ
¼ tomography imageðx; yÞ  dark current imageðx; yÞ
open beam imageðx; yÞ  dark current imageðx; yÞ
ð2:27Þ
3. Correction of white spot from every projection.
4. Selection of the area of interest, if it is needed.
5. Search of rotation axis.
6. Calculation of the attenuation coefﬁcients.
7. Creation of sinogram.
8. Calculation of the 3-dimensional.
9. Visualization in Volume-Graphics software.
The quality of the tomographic investigation is sufﬁcient to
observe very ﬁne details of the sample structure.
5. Conclusions
Neutron transmission tomography is an established nonde-
structive analysis method available at several neutron
1066 W. Abd el Bar et al.radiography facilities around the world. It provides valuable
complementary information to X-ray CT or other tomography
modalities. The white-spots correction, dark ﬁeld correction
and ﬂat ﬁeld correction have been corrected by designed code
in MATLAB another MATLAB code has been written, which
enables convenient data preparation for the 3D reconstruction
of sampled from 2D neutron transmission images taken from
different view angles and got good result for 3D reconstruction
image.
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